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ABSTRACT
Context. The morphology of the circumstellar envelopes (CSE) around Asymptotic Giant Branch (AGB) stars gives information on
the mass-loss process from the star, its evolution and wind, and the effect of binary interaction. However, determining the distribution
of dust in the circumstellar envelopes is difficult. Observations of polarised, dust-scattered stellar light in the optical have produced
images with high-spatial resolution of the envelopes around evolved stars. In particular for sources with detached shells this method
has proven extremely successful. Detached shells are believed to be created during a thermal pulse, and constrain the time scales and
physical properties of one of the main drivers of late stellar evolution.
Aims. We aim at determining the morphology of the detached shells around the carbon AGB stars R Scl and V644 Sco. In particular,
we attempt to constrain the radii and widths of the detached dust shells around the stars and compare these to observations of the
detached gas shells.
Methods. We observe the polarised, dust-scattered stellar light around the carbon AGB stars R Scl and V644 Sco using the PolCor
instrument mounted on the ESO 3.6m telescope. Observations were done with a coronographic mask to block out the direct stellar
light. The polarised images clearly show the detached shells around R Scl and V644 Sco. Using a dust radiative transfer code to model
the dust-scattered polarised light we constrain the radii and widths of the shells.
Results. We determine radii of 19′′.5 and 9′′.4 for the detached dust shells around R Scl and V644 Sco, respectively. Both shells have
an overall spherical symmetry and widths of ≈2′′. For R Scl we can compare the observed dust emission directly with high spatial-
resolution maps of CO(3 − 2) emission from the shell observed with ALMA. We find that the dust and gas coincide almost exactly,
indicating a common evolution. The data presented here for R Scl are the most detailed observations of the entire dusty detached
shell to date. For V644 Sco these are the first direct measurements of the detached shell. Also here we find that the dust most likely
coincides with the gas shell.
Conclusions. The observations are consistent with a scenario where the detached shells are created during a thermal pulse. The
determined radii and widths will constrain hydrodynamical models describing the pre-pulse mass loss, the thermal pulse, and post-
pulse evolution of the star.
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1. Introduction
During the late stages of stellar evolution, asymptotic giant
branch (AGB) stars build up large circumstellar envelopes
(CSEs) of dust and gas. The CSEs are a direct consequence of
the mass loss the stars experience on the AGB, carrying mate-
rial processed inside the star to the interstellar medium (ISM).
CSEs are generally assumed to be formed through an isotropic
mass loss from the stellar surface, building up a spherically sym-
metric envelope (e.g., Castro-Carrizo et al. 2010). Through their
relatively simple geometry, the CSEs around AGB stars are ex-
cellent astrochemical and astrophysical laboratories. However,
variations in the mass-loss rate over time, and any directional de-
pendence of the mass loss will influence the shape of the CSE.
Recent images of thermal dust emission in the far-infrared taken
with the PACS instrument aboard the Herschel Space Telescope
show a variety of envelope shapes on very large scales (Cox et al.
2012), including arc-like structures (Decin et al. 2012). Spiral-
shaped CSEs have been found around a handful of sources,
e.g., AFGL 3068 (Mauron & Huggins 2006), CIT 6 (Kim et al.
2013), o Ceti (Mayer et al. 2011). The most detailed obser-
vations so far were taken with the Atacama Large Millime-
ter/submillimeter Array (ALMA) of the CSE around the carbon
star R Scl in molecular line emission (Maercker et al. 2012, here-
after M2012). They show a spiral structure extending from the
detached shell inwards to the central star and present-day mass
loss, indicating the presence of a binary companion shaping the
wind. The asymmetries observed in the CSEs around AGB stars
may be due to several processes. Non-isotropic mass loss, binary
interaction, and outflows can shape the envelopes around AGB
stars into asymmetric shapes (Mastrodemos & Morris 1999;
Mauron & Huggins 2006; Kim & Taam 2012). Temporal vari-
ations in the mass loss will create rings and/or arc-like struc-
tures in form of density enhancements in the envelope. An ex-
ample of the most extreme cases of this can be seen in the de-
tached shells around a number of carbon AGB stars, believed to
be caused by the increase in mass-loss rate and expansion ve-
locity during a thermal pulse (Olofsson et al. 1990, 1993, 1996;
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Steffen et al. 1998; Steffen & Schönberner 2000; Schöier et al.
2005; Mattsson et al. 2007; Maercker et al. 2010; Olofsson et al.
2010; Maercker et al. 2012).
The duration of a thermal pulse is on the order of a few hun-
dred years, with timescales between pulses being on the order of
several 10000 years (Karakas & Lattanzio 2007). The chances
of observing a pulse directly are extremely small. Currently less
than ≈10 detached shells of gas and dust formed during a ther-
mal pulse are known around carbon stars. Considering the typi-
cal time-scales between thermal pulses and the lifetime of a de-
tached shell of CO gas due to photodissociation, it is not likely
that more sources of this kind will be found (Olofsson et al.
1990). Detailed observations of these detached shell sources may
hence be the only way for us to effectively constrain the evolu-
tion of the star throughout the thermal pulse cycle. The spiral
structure observed around R Scl in the ALMA observations al-
lowed to measure the evolution of the mass-loss rate and expan-
sion velocity since the last thermal pulse (M2012), and is the
only case where direct determination has been possible.
Direct imaging of the envelopes is difficult, in particular
of the extended, dusty CSE. Thermal dust emission in the
far infrared from detached shells has been observed by the
AKARI instrument (Izumiura et al. 2011) and the PACS instru-
ment (Kerschbaum et al. 2010; Mecˇina et al. 2014). PACS in
particular delivered comparatively high-resolution images of a
large number of AGB CSEs (Cox et al. 2012).
Observations of dust scattered stellar light have proven to
be an effective way to obtain high-resolution images of the dusty
CSEs. Hubble Space Telescope images of R Scl give the highest-
resolution images of the detached shell of dust around this object
to date (Olofsson et al. 2010, hereafter O2010), although only
approximately one-third of the shell could be imaged. Images
of polarised, dust-scattered stellar light add a powerful tool to
investigate the distribution of the dust in the plane of the sky.
This technique was used to successfully image the detached
shells around R Scl and U Ant (González Delgado et al. 2003,
hereafter GD2003; Maercker et al. 2010). The detached shells
around DR Ser and U Cam, as well as the circumstellar envi-
ronment around the S-type AGB star W Aql, were imaged in
polarised, dust-scattered stellar light using the PolCor instru-
ment mounted on the Nordic Optical Telescope (Ramstedt et al.
2011). This was the first direct image of the detached shell
around the carbon star DR Ser. Until then the shell had only been
inferred indirectly through the line profiles in molecular line ob-
servations (Schöier et al. 2005, hereafter S2005). The polarised,
dust-scattered light observations allowed to directly measure the
radius and thickness of the shell around DR Ser.
We now present new observations with the PolCor instru-
ment mounted on the ESO 3.6m telescope in La Silla, Chile,
of the dusty CSEs around two detached-shell AGB stars. The
instrument provides images in polarised light combined with a
coronographic mask. This allows us to block the direct, stellar
light, making the faint, dust-scattered stellar light in the circum-
stellar medium visible. In Sect. 2 we present the observations,
source properties, and data treatment, Sect. 3 gives an overview
of the radiative transfer modelling, and Sects. 4 to 6 present and
discuss the results, and give our conclusions.
2. Observations and data reduction
The observations were taken with the PolCor instrument
mounted on the ESO 3.6m telescope in La Silla, Chile, during
5 nights between October 18 and October 28 2011. We here
present the observations of the carbon AGB stars R Scl taken
Table 1. PolCor observations with the 3.6m telescope at La Silla obser-
vatory in October 2011.
Source Date band mask ttot
["] [s]
R Scl 19 V 3 120
19 R 3 120
V644 Sco 24/26/27 V 3 750
24/26/27 R 3 1500
on October 19 and V644 Sco taken on October 24, 26, and 27.
They were part of a sample of 14 evolved stars to study the
morphology of the dusty circumstellar environment around AGB
stars. Observations of these sources were taken in the V and R
bands centred at wavelengths of 0.55µm and 0.64µm, respec-
tively. The pixel scale in the images is 0′′.114 per pixel. Typical
values of the seeing were ≈1′′.3. All images were flat-fielded and
dark-subtracted. PolCor reads out images at rates of 0.04 s and
0.1 s, allowing us to use the lucky imaging technique to shift-and-
add the individual exposures, effectively improving the seeing in
the image. Typically between 10-20% of the images were re-
jected in the lucky imaging, resulting in a seeing of ≈0′′.9. In ad-
dition, the instrument takes images at four different polarisation
angles (0, 45, 90, and 135 degrees) to determine the full set of
Stokes parameters I, U, and Q, as well as the polarisation angle.
The instrument is equipped with coronographic masks of vary-
ing sizes and densities to block the direct stellar light, making the
faint scattered light visible. For the observations presented here
a mask with a diameter of 3′′ was used. In order to more eas-
ily place the star in the centre of the mask, a mask that reduced
the direct stellar light by 99% was used. Total on-source inte-
gration times (before image rejection in the lucky imaging) are
listed in Table 1. The three nights of observations for V644 Sco
were averaged. The PolCor instrument is described in detail in
Ramstedt et al. (2011).
2.1. Observed Sources
2.1.1. R Scl
R Scl is a carbon-rich, semi-regular pulsating AGB star with
a pulsation period of 370 days. The luminosity is estimated to
4300 L⊙ using a period-luminosity relation (Knapp et al. 2003),
giving a distance of 290 pc. The parallax gives a distance of
266 pc. The detached shell around R Scl was first observed
by Olofsson et al. (1990) in CO emission with the single-dish
telescope SEST (Swedish-European Submillimeter Telescope).
The gas has since been imaged in scattered stellar light in the
resonance lines of Na and K (González Delgado et al. 2001,
hereafter GD2001), and in high-spatial resolution interferometer
maps in CO emission by ALMA (M2012). The dusty detached
shell was observed in polarised, dust-scattered stellar light
(GD2003), in dust-scattered stellar light with the Hubble Space
Telescope (O2010), and in thermal dust emission with the PACS
instrument aboard Herschel (Cox et al. 2012). All observations
show a detached shell at 19′′−20′′. The expansion velocity of
the shell is measured to 14.5 km s−1(M2012), and the present-
day expansion velocity to 10.5 km s−1 (S2005). The present-
day mass-loss rate is estimated to be 3 × 10−7 M⊙ yr−1 (S2005),
while M2012 determine a mass-loss rate during the creation
of the shell of ≈ 10−5 M⊙ yr−1. The total estimated dust mass
in the shell is very uncertain, and ranges between (2 − 3) ×
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10−6 M⊙ (GD2003; O2010) to 3 × 10−5 M⊙ (S2005). The gas
mass is estimated to be 2.5 × 10−3 M⊙ (S2005).
2.1.2. V644 Sco
V644 Sco is an irregularly pulsating carbon AGB star. Its dis-
tance is estimated to be 700 pc, based on SED modelling and
assuming a luminosity of 4000 L⊙ (S2005). V644 Sco was first
observed in CO emission using SEST by Olofsson et al. (1996),
where a detached gas shell at less than 7′′was found. The shells
of dust and gas were modelled by S2005, giving estimates of the
dust and gas masses of 1.4×10−4 M⊙ and 2.5×10−3 M⊙, respec-
tively. They derive a radius for the detached gas shell of 10′′.5.
Previous to this publication, the detached shell had not been ob-
served directly.
2.2. Polarised dust-scattered stellar light
Stellar light is unpolarised unless it is intercepted by a medium
and scattered. For dust grains the scattering of stellar light oc-
curs in all directions (however, not necessarily isotropically),
while the highest degree of polarisation is reached if the angle
between the incoming light and the outgoing scattered light is
at 90 degrees (e.g., Zubko & Laor 2000). For stellar light scat-
tered by a dusty CSE surrounding the star, the polarised light
hence shows the distribution of the dust in the plane of the sky.
Observations at four different polarisation angles can be used to
derive the full set of Stokes parameters I, U and Q, as well as the
polarised intensity, P, and the polarisation degree, p (see, e.g.,
Maercker et al. 2010; Ramstedt et al. 2011).
We assume that interstellar space and Earth’s atmosphere
have a negligible effect on the detected light, and that the tele-
scope does not introduce a significant degree of polarisation
(e.g., GD2003; Ramstedt et al. 2011). The measured images then
only contain contributions from the star and from the CSE:
Im = I∗ + ICS E , (1)
Um = U∗ + UCS E , (2)
Qm = Q∗ + UCS E (3)
Pm =
√
U2m + Q2m. (4)
The direct stellar light is unpolarised, and the measured
Stokes U and Q parameters, and hence also the polarised inten-
sity, are equal to the contribution from the circumstellar medium
only. Any residual polarisation added by the direct stellar light
is generally behind and close to the edges of the mask where in-
terpretation of the data already is difficult, and hence does not
affect the analysis significantly.
2.3. PSF subtraction
In order to correct for the direct, stellar light in the total in-
tensity images, template stars of similar magnitude, but with-
out any (known) circumstellar emission were observed in the
same setup as the science targets. The direct stellar contribution
to the total intensity can then be subtracted by scaling the bright-
ness of the template star to the science target (see also GD2001;
Maercker et al. 2010; Ramstedt et al. 2011).
For several reasons the template subtraction is more compli-
cated than anticipated: 1) the shape of the psf depends on the
position of the star behind the mask, 2) the scaling of the tem-
plate star to the science target is not trivial, as the CSE may con-
tribute to the total intensity all the way to the edge of the mask,
and 3) the shape of the psf can differ between science target and
template star. Incorrect subtraction of the template star may re-
sult in significant artefacts in the final images. The observations
of R Scl and V644 Sco were part of a sample of 14 sources to
observe the dusty circumstellar structure around AGB stars. As
such, the time spent on each object was limited, making a good
psf subtraction difficult.
Not subtracting a template psf leads to a lower limit when
calculating the polarisation degree of the circumstellar envelope
from Equation. For V644 Sco template subtraction was not pos-
sible, and in all cases we present the polarisation degree as a
lower limit. Due to the larger angular size of the detached shell
around R Scl, template subtraction was somewhat simpler. In
this case, in addition to calculating the lower limit, we also
scaled the observed template star to the total intensity images
and subtracted the psf.
Observations of flux template stars in principle allow to ab-
solute flux-calibrate the images. However, the focus of this study
is the morphological information contained in the polarised light,
and absolute flux calibration is therefore not necessary.
3. Dust radiative transfer analysis of scattered
stellar light
We used the dust radiative transfer code radmc-3d (Dullemond
2012) in order to model the polarised, circumstellar emission
towards R Scl and V644 Sco. Radmc-3d allows to derive the full
set of Stokes vectors for stellar light scattered by dust grains of
any type of dust. We used amorphous carbon grains with optical
constants from Suh (2000) with a grain density of 2 g/cm3 and a
grain radius of 0.1 µm.
We modeled the polarised, stellar scattered light assuming a
constant present-day mass-loss rate expanding at a constant ve-
locity, giving a r−2 density profile. The detached shell is assumed
to follow a gaussian density profile in the radial direction with
a radius R and a full width at half maximum (FWHM) of ∆R.
The parameters for the present-day mass-loss rate and detached
shell are taken from S2005. Due to large uncertainties in the dust
properties (composition, size, shape), a detailed modelling of the
dust to determine new dust masses and dust mass-loss-rates will
not improve on previous results, and we instead concentrate on
the detailed morphological information of the detached shells.
4. Results
Figures 1 to 4 show the PolCor observations for R Scl and
V644 Sco in the R-band and V-band. For both sources the im-
ages of the observed total intensity, the total intensity after psf
subtraction, the polarised intensity, and the lower limit of the po-
larisation degree are shown. For each of these we also present
azimuthally averaged radial profiles (AARP). The profiles are
averaged over regions that avoid artefacts introduced by the tele-
scope spider. The detached shells are detected in the images of
polarised emission at signal-to-noise ratios of S/N=10− 20. Due
to the difficulty of the template star subtraction (Sect. 2.3), only a
lower limit of the polarisation degree is estimated. Table 2 shows
the determined shell radii and widths (defined as FWHM of a
Gaussian distribution) for R Scl and V644 Sco.
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Fig. 1. Observations of R Scl in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity, and the
lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by a Gaussian
kernel with a FWHM of two pixels. The bottom row shows the corresponding radial profiles. The total intensity radial profile shows R Scl (solid
line) and the scaled template star (dashed line). The radial profile of the polarisation degree shows the polarisation degree using the measured total
intensity (solid line) and the template-subtracted total intensity (dashed line).
The sizes and widths of the shells are determined by creating
AARPs of the polarised intensity in the radmc-3d model images.
The peak of the intensity at the position of the shell in the model
AARP is then scaled to the peak in the observed AARP at the
position of the shell. The radius of the shell and the width are
varied until a satisfactory fit to the observed profile is achieved
(Fig. 5). The radius is constrained by fitting the position of the
peak, while the width is determined by fitting the model AARP
to the outer edge of the detached shell in the observed AARP.
Both the radii and widths can be determined to within ±0′′.5.
In principle, the increase in intensity towards the inner re-
gions could be used to constrain the density contrast between the
present-day mass-loss rate and the detached shells. However, ef-
fects due to the coronographic mask and a potential polarisation
of the central star make any such estimate extremely uncertain.
4.1. R Scl
A shell radius for R Scl is determined from the dust-scattered po-
larised light images to 19′′.7 and a FWHM width of the Gaussian
shell to 3′′.2. The polarisation degree reaches values of >20% at
the position of the shell, showing that the dust is indeed located
in a thin shell around the star. A comparison with determined
shell radii and widths using different probes for the dust and gas
is presented in Table 2. Our results are consistent with the radius
derived by (GD2003). The determined radius also fits well with
the radius determined in the HST images in O2010. We derive
a larger FWHM for the shell than O2010. However, the HST
images only cover ≈ 1/3 of the total shell. The region imaged
in the HST data is dominated by a bright arc along the limb-
brightened shell, while the radmc-3d models in this work are fit
to the AARP of the entire shell, which may lead to a broader av-
Table 2. Measured shell radii (R) and shell widths (∆R – FWHM of
Gaussian distribution) for R Scl and V644 Sco. Both can be determined
to with ±0′′.5. The results from this paper are derived from radiative
transfer models constrained by the polarised intensity images from Pol-
Cor (see Fig. 5). The results are compared to previous estimates of the
detached shells.
R Scl V644 Sco
R[′′] ∆R[′′] R[′′] ∆R[′′]
this paper 19.7 3.2 9.4 2.0
GD2001a 20.7 – – –
GD2003b 20.0 2.0 – –
S2005 (dust)c 27.0 – 17.0 –
S2005 (gas)c 20.1 – 10.5 –
O2010d 19.2 1.2 – –
M2012e 18.5 1.3 – –
(a) based on observations stellar light scattered in NaD and K
resonance lines
(b) based on polarised, dust-scattered stellar light
(c) based on dust and gas radiative transfer models
(d) based on observations of dust scattered stellar light
(e) based on fit to observed CO(3 − 2) line emission
with ALMA
erage width. In particular the apparent flattening of the Southern
part of the shell will lead to a slightly broader shell. The shell
radius derived in the dust models in S2005 has a large uncer-
tainty (±14′′). These models depend critically on the assumed
grain properties. If the grains are too small for example, the ra-
dius of the shell will be overestimated, since the grains have to
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Fig. 2. Same as Fig. 1 but in the V-band.
be moved to larger distances to be cool enough to achieve the
right temperature and give the correct infrared flux.
Imaging of the detached gas shell around R Scl in stellar light
scattered in resonance lines of NaD and K (GD2001) gives re-
sults that are consistent with ours. The radius of the shell in the
CO data from ALMA (M2012) is determined by measuring the
peak of the emission in the AARP. This may lead to underesti-
mating the size, due to limb-brightening along the inner edge of
the shell, slightly moving the observed peak inwards compared
to the density peak of the shell. This was already observed in
M2010 and O2010. The width of the shell determined in ALMA
data is limited by the shell being marginally resolved (with a
beam-size of ≈1′′.2). Hence, the results presented here for the
radius and the width of the dust shell are consistent with the
measurements of the CO(3−2) emission line in the ALMA data.
In Fig. 6 (left) we compare the polarised intensity PolCor
image in the R-band with the ALMA image of the CO(3 − 2)
emission centred on the vlsr in a 0.5 km s−1 bin. The image of
the polarised intensity shows the morphology of the dust in the
detached shell in the plane of the sky, while the image at the
stellar vlsr from ALMA shows the CO(3 − 2) emission in the
plane of the sky. Assuming that the gas emission (roughly) traces
the density distribution of the gas, the distribution of the dust
and gas can be compared. The ALMA contours trace the PolCor
image closely, showing that the spatial distribution of the dust
and gas coincides. In particular, the flattening of the shell in the
south is present in both images, as well as an apparent gap in
the south-western part of the shell. The peaks of the emission
also generally coincide between the dust and the gas (Fig. 7),
although there are a few exceptions, most notably the emission
peak in the molecular gas at a position angle P.A.=120◦ where
the dust has a clear gap. Nevertheless, the comparison between
the PolCor and ALMA data suggests that the distribution of the
dust and gas, including different clumps, is the same.
The total intensity PolCor image on the other hand should
be directly comparable to the HST image observed by O2010.
Figure 6 (right) shows the contours of the HST image in the f814
filter on top of the PolCor R-band total intensity image where
the stellar psf has been subtracted. The psf subtraction in the
HST data are of much higher quality, and structures observed
close to the star are more reliable than for the PolCor data. The
comparison between the two images shows that in particular for
the shell the PolCor image shows the same features as the HST
observations. The advantage of the PolCor data is that it covers
the entire shell, while the limited field of view in the HST data
misses potentially interesting features, such as the flattening of
the shell in the southern part and an apparent gap to the south-
west.
Except for the uncertain estimate from the dust modelling in
S2005, all estimates of the size and width of the detached shell
of dust and gas around R Scl give consistent results. The average
value for the radius of the shell (taking all measurements into
account) is 19′′.5±0′′.7. The width of the shell varies more. This
however depends on the type of observation and measurement
method. An average width of ≈ 2′′, with 1′′and 3′′as lower and
upper limits for a varying width, appears reasonable. The obser-
vations of the detached shell presented here are the only images
with high-spatial resolution of the entire detached shell of dust
around R Scl, allowing us to measure the size of the shell with
high accuracy.
4.2. V644 Sco
V644 Sco was observed in CO emission for the first time
in Olofsson et al. (1996), showing the typical double-peaked line
profile indicative of an expanding detached shell. They mapped
the shell in the CO(3 − 2) transition in a 49-point map with a
16′′ beam and a 7′′.5 spacing. Although the emission appears to
be partially resolved at velocities close to the vlsr, they conclude
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Fig. 3. Observations of V644 Sco in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity,
and the lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by
a Gaussian kernel with a FWHM of two pixels. The bottom row shows the corresponding radial profiles. The total intensity radial profile shows
V644 Sco (solid line) and the scaled template star (dashed line). The radial profile of the polarisation degree shows the polarisation degree using
the measured total intensity only (solid line).
that the detached shell must have a radius of less that 7′′. S2005
determine the detached shell to have a radius of 10′′.5 (Table 2)
based on molecular line modelling, and a radius of 17′′.0±7′′
based on the dust modelling. Also here the dust modelling suf-
fers from large uncertainties. In the PolCor data (Figs. 3 and 4)
the shell around V644 Sco can clearly be seen at a radius of 9′′.4.
The width of a Gaussian shell fit to the AARP is 2′′.0. This is the
first time the radius and width of the shell around V644 Sco have
been measured directly, instead of being inferred from radiative
transfer modelling. The radius derived from the molecular line
modelling is remarkably close to the observed value in the Pol-
Cor data, lending strength to the results of the CO models in
S2005.
The polarised data clearly show the detached shell, as well as
structure/inhomogeneities within the shell. As with similar ob-
servations of other detached shell sources, V644 Sco shows a re-
markable overall spherical symmetry. We only determine a lower
limit of the polarisation degree due to the difficulties with the psf
subtraction (Sect. 2.3). However, in all images the shell clearly
appears with the degree of polarisation peaking at the position of
the shell seen in the polarised images. As with R Scl, this implies
that the dust is distributed in a thin shell with the determined ra-
dius and width. This indicates that the shell originated in a spher-
ical symmetric mass loss event from the star, and evolved as an
expanding density enhancement. The density enhancement may
be retained through interaction with a surrounding spherically
symmetric medium as described by Mattsson et al. (2007).
5. Discussion
5.1. The detached shells around R Scl and V644 Sco
The PolCor images of R Scl allow for a direct comparison with
the ALMA observations of the CO(3 − 2) line emission (Fig. 6,
left, and Fig. 7). The good correlation between the PolCor data
and the HST and ALMA observations confirms that the obser-
vations reliably measure the radius and width of the observed
detached shells. These are the most detailed observations of the
shell of dust around R Scl to date. For V644 Sco we for the first
time set reliable and direct constraints on the size and width of
the detached shell of dust.
For U Ant, Maercker et al. (2010) find that the dust has
(mostly) separated from the gas, with a detached shell dominated
by dust outside a detached shell dominated by gas. This implies
a drift velocity between the dust and gas, as is expected in a
dust-driven wind. However, the comparison between the Pol-
Cor data and ALMA data for R Scl show a remarkable corre-
lation between the dust and gas. The overall shape of the shell
is reproduced in both observations, including the flatter south-
ern part of the shell, while even individual clumps of dust and
gas coincide. This implies a common evolution of the dust and
gas around R Scl. Also for V644 Sco, U Cam, and DR Ser
(O2010; Ramstedt et al. 2011) the derived sizes for the detached
dust shells coincide with the sizes determined for the gaseous
detached shell. The shells around R Scl, V644 Sco, U Cam, and
DR Ser are 1000-2000 years younger than the shell around U Ant
(S2005). Maercker et al. (2010) suggest a common origin of the
dust and gas in the shells around U Ant during a thermal pulse,
with a drift velocity of a few km s−1. Kerschbaum et al. (2010)
only detect the inner detached shell in thermal dust emission in
far-infrared PACS observations, while Arimatsu et al. (2011) de-
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Fig. 4. Same as Fig. 3 but in the V-band. The images are smoothed by a Gaussian kernel with a FWHM of four pixels.
tect both shells in mid-infrared observations. This implies the
presence of small, hot grains in the inner shell, and larger grains
in the outer shell which have drifted away from the gas, confirm-
ing the conclusions by Maercker et al. (2010). It is possible that
the dust has not yet separated significantly from the younger de-
tached shell sources. The separation of the dust and gas may also
be affected by the surrounding medium, and hence the pre-pulse
mass-loss rate.
The observed structures support the hypothesis in which the
detached shells originate in the high mass-loss-rate phase dur-
ing a thermal pulse. The shells then expand away from the star,
while the declining post-pulse mass-loss rate causes the shell to
appear as detached. Comparing the results of dust-scattered light
one can conclude that the radii of the shells increase as a func-
tion of age as expected. Further, with the exception of U Cam,
the widths of the shells are similar (≈ 1000−2000AU – note that
while the angular sizes of the shells can be relatively well deter-
mined, the physical sizes are very dependent on the estimated
distance to the sources). This is consistent with the creation of a
detached shell during a mass-loss eruption and a subsequent in-
teraction with a surrounding medium, keeping the absolute width
of the shell constant (Steffen & Schönberner 2000).
5.2. The importance of constraining the shells
Assuming distances of 290 pc and 700 pc to R Scl and V644 Sco,
respectively, we obtain physical radii of the detached shells of
8.4×1016 cm and 9.8×1016 cm, respectively. The widths of the
shells are 8.7×1016 cm and 2.1×1016 cm for R Scl and V644 Sco,
respectively. Constraining the physical sizes of the shells is
important to constrain hydrodynamical models. Together with
the velocity information in the molecular data, and informa-
tion on the spatial correlation of the dust and gas, the age of
the shell can be constrained. The radii of the shells depend on
the age of the shell and the expansion velocity as a function of
time. The width of the shell depends on the formation condi-
tions during the thermal pulse, and the subsequent interaction
with the circumstellar medium (Steffen & Schönberner 2000;
Mattsson et al. 2007). Hydrodynamical models have to model
the pre-pulse mass loss, the formation of the detached shell dur-
ing a thermal pulse, and the subsequent evolution of the shell.
The models are ultimately constrained by matching the observed
parameters of the shells. The presented observations hence con-
strain the timescales and conditions of the pre-pulse, pulse, and
post-pulse evolution (M2012).
The total mass in the detached shell likewise depends on the
formation process and subsequent evolution of the shell. How-
ever, accurate estimates of the dust masses require high-quality
observations at optical wavelengths in different bands (to con-
strain the grain size distribution of small grains), as well as ob-
servations at far-infrared and radio wavelengths to also constrain
the population of large dust grains. The shapes and composi-
tion of the grains are also large uncertainties, and have to be
constrained by spectral observations. For some detached shell
objects far-infrared observations exist (Kerschbaum et al. 2010;
Izumiura et al. 2011; Mecˇina et al. 2014). R Scl has been ob-
served with the Large Bolometer Camera (LABOCA) on the
Atacama Pathfinder Experiment (APEX) at 850µm, and we are
currently performing observations with LABOCA of three addi-
tional detached shell sources (V644 Sco, U Ant, and DR Ser) to
probe the contribution of large dust grains to the total mass.
The drawback of observations in the far-infrared and radio
is that the spatial resolution is relatively low. The optical ob-
servations in polarised light obtained here can be used to effec-
tively constrain the size and width of the detached shells in the
modelling of the thermal dust emission, leading to more accu-
rate dust-mass estimates. In particular, a comparison to the PACS
(Cox et al. 2012) and LABOCA observations of R Scl will deter-
mine the properties of the detached dust shell with similar detail
as the observations of the detached gas shell.
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Fig. 5. The radial profiles of the polarised intensity compared to the
radiative transfer models for R Scl (top) and V644 Sco (bottom). The
R-band and V-band data are plotted as blue and green lines, respectively,
the model profiles as black lines. The profiles are normalised to 1.
6. Conclusions
The observations of polarised, dust-scattered stellar light pre-
sented here clearly show the detached dust shells around the car-
bon AGB stars R Scl and V644 Sco. The data presented here are
the most detailed images of the entire dust shell around R Scl
to date. They allow us to measure the size and width of the de-
tached shell of dust and determine the morphology of the shell
with high precision. For V644 Sco this is the first time that the
detached shell of dust was constrained directly.
For R Scl a direct comparison of the dust-scattered optical
emission observed here with ALMA observations of CO(3 − 2)
(M2012) and optical Hubble Space Telescope images (O2010)
shows that the dust and gas in the detached shell coincide spa-
tially to a high degree. This implies that the dust and gas have
evolved together since the detached shell was created.
For V644 Sco this is the first time that the radius and width
of the detached dust shell were measured directly. Comparison
with radiative transfer models of the molecular emission (S2005)
indicate also here a close correlation between the dust and gas.
The creation of detached shells of dust and gas by thermal
pulses has been described previously, both observationally and
theoretically (e.g. Schöier et al. 2005; Mattsson et al. 2007). The
results found here are in line with a scenario where the increase
in mass-loss rate and expansion velocity during a thermal pulse
leads to the formation of a detached shell of dust and gas. The
derived radii and widths of the shells will help constrain more
detailed hydrodynamical and radiative transfer models of the de-
tached shells, and hence help constrain the formation and evolu-
tion of the shells since formation during the thermal pulse.
The results demonstrate that observations of polarised, dust-
scattered stellar light can trace intricate details in the circumstel-
lar envelopes around AGB stars. They are particularly useful to
constrain the structures in the detached shells. These observa-
tions were part of a pilot sample, and hence only have a limited
amount of time spent per object. Already they give new con-
straints on the detached shells around R Scl and, in particular,
V644 Sco. Dedicated observations with PolCor and/or similar
instruments of the known detached shell sources will help con-
strain the evolution of the star during and after a thermal pulse.
With ALMA, correlating the evolution of the dust with the evo-
lution of the molecular gas will give the best observational de-
scription of the thermal pulse phenomenon to date.
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Fig. 6. Comparison of the PolCor polarised intensity image for R Scl in the R-band with the ALMA band 7 data at the stellar vlsr (black contours,
left) and the PolCor total intensity image with the Hubble Space Telescope data at 0.8µm (black contours, right). The colour scale shows the
PolCor images in counts/s.
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Fig. 7. Position angle (p.a.) vs. radius in the range from 15′′to 11′′showing the detached shell around R Scl. The colour image shows the polarised
intensity from PolCor in the R-band, the contours the ALMA CO(3−2) emission at the stellar vlsr . The p.a. start north and moves counter-clockwise.
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